Continuous probe of cold complex molecules with infrared frequency comb
  spectroscopy by Spaun, Ben et al.
Continuous probe of cold complex molecules with infrared frequency
comb spectroscopy
Ben Spaun1, P. Bryan Changala1, David Patterson2, Bryce J. Bjork1, Oliver H. Heckl1,
John M. Doyle2 and Jun Ye1
1JILA, National Institute of Standards and Technology and University of Colorado, Department of Physics,
University of Colorado, Boulder, CO 80309, USA
2Department of Physics, Harvard University, Cambridge, MA 02138, USA
Abstract— Cavity-enhanced frequency comb spectroscopy for
molecule detection in the mid-infrared powerfully combines
high resolution, high sensitivity, and broad spectral cover-
age [1]–[3]. However, this technique, and essentially all spec-
troscopic methods, is limited in application to relatively small,
simple molecules. At room temperature, even molecules of
modest size can occupy many millions of rovibrational states,
resulting in highly congested spectra. Here we integrate comb
spectroscopy with continuous, cold samples of molecules pro-
duced via buffer gas cooling [4], thus enabling the study of
significantly more complex molecules. Until now, high resolution
mid-IR spectroscopy of such molecules has been primarily
performed with supersonic jets using single frequency lasers. In
both sensitivity and spectral resolution, buffer gas sources are
advantageous: they can be operated continuously, in contrast
to most jets that are typically pulsed with a low duty cycle [5],
[6]; and they provide samples moving slowly in the lab frame,
with no observation of buffer gas-molecule clustering. Both of
these features help to improve spectral resolution and detection
sensitivity, as well as facilitate tracking of molecular interaction
kinetics. Here we report simultaneous gains in resolution, sensi-
tivity, and bandwidth and demonstrate this combined capability
with the first rotationally resolved direct absorption spectra
in the CH stretch region of several complex molecules. These
include nitromethane (CH3NO2), a model system that presents
challenging questions to the understanding of large amplitude
vibrational motion [7]–[21], as well as several large organic
molecules with fundamental spectroscopic and astrochemical
relevance, including naphthalene (C10H8) [22], adamantane
(C10H16) [23], and hexamethylenetetramine (C6N4H12) [24]–
[27]. This general spectroscopic tool has the potential to
significantly impact the field of molecular spectroscopy, simulta-
neously improving efficiency, spectral resolution, and specificity
by orders of magnitude. This realization could open up new
molecular species and new kinetics for precise investigations,
including the study of complex molecules [28], weakly bound
clusters [29], and cold chemistry [30].
For over half a century, high-resolution infrared spec-
troscopy has provided a broad foundation for the funda-
mental understanding of molecular structure and dynamics.
Spectroscopic analysis of vibrational, rotational, fine, and
hyperfine structure yields extraordinarily detailed informa-
tion about the molecular Hamiltonian. The success of such
studies, however, requires well resolved and assignable spec-
tra, which have been largely limited to relatively small,
simple molecular systems. While the study of large and
more complex molecules is an emerging front that provides
fundamental insights into the nature of energy flow in a
strongly correlated system, acquiring useful and tractable
spectra for complicated molecular species poses many ex-
perimental challenges. Large molecules with many internal
degrees of freedom have extremely large partition func-
tions, with millions of quantum states occupied at room
temperature. This leads to congested spectra with rotational
structure unresolved in the presence of Doppler broadening.
Moreover, floppy or non-rigid molecules have intrinsically
complicated spectra with patterns that are difficult to interpret
amid spectral congestion. A thorough understanding of more
complex molecular systems requires the ability to acquire
broadband spectra, spanning multiple vibrational bands, with
both high resolution and high sensitivity.
Various infrared spectroscopic techniques have targeted
one or more of these requirements. Supersonic expansions
provide rotationally cold molecules [5], [6] and thus signifi-
cantly reduce the congestion and linewidth of spectra, but
typically at great cost to time-averaged molecule density.
While low translational temperature is possible to achieve
(such as along the slit direction in a slit jet expansion),
molecules still have large lab-frame velocities that limit
interaction and observation times. Single frequency con-
tinuous wave (cw) lasers coupled to optical enhancement
cavities or multi-pass cells have achieved high resolution and
sensitivity [31], but this approach lacks spectral bandwidth
and therefore requires long acquisition times for broad spec-
tral coverage. Conversely, Fourier transform infrared (FTIR)
spectroscopy [32] with broadband incoherent sources can
quickly produce spectra spanning a wide frequency region,
but this technique lacks sensitivity and is fundamentally
limited in resolution by the optical path length of the
spectrometer.
The recently developed technique of cavity-enhanced di-
rect frequency comb spectroscopy (CE-DFCS) eliminates
these technological limitations by combining the inherent
broad bandwidth and high resolution of an optical frequency
comb with the high detection sensitivity provided by a
high-finesse enhancement cavity [33], [34]. The broadband
(>200 nm) spectrum of a frequency comb consists of tens
of thousands of discrete, narrow frequency modes equally
separated by the comb repetition rate, frep, with a common
carrier envelope frequency offset, fceo. Both frep and fceo
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can be precisely stabilized, allowing for complete control of
each of the tens of thousands of separate frequency modes in
the comb [35], [36]. By matching the evenly spaced comb
lines with the resonant frequency modes of a high finesse
optical cavity filled with a molecular species, the absorption
path length, and overall absorption sensitivity, of the comb
can be enhanced by four orders of magnitude to kilometer
length scales [33], [37]. A Fourier-transform spectrometer
(FTS) is used to measure the absorption spectrum and only
needs a resolution better than the cavity free spectral range
(100-1000 MHz) in order to resolve a single comb line.
Thus, a standard FTS can achieve an instrument linewidth
limited only by the stability of the comb itself, in our
case ∼50 kHz. Providing high spectral brightness, frequency
stability, and spatial coherence over a broad bandwidth, the
massively parallel CE-DFCS technique is virtually equivalent
to thousands of simultaneous, highly sensitive, absorption
measurements with thousands of narrow linewidth lasers.
The highly multiplexed nature of CE-DFCS has the potential
to advance the field of infrared rovibrational spectroscopy
just as the recent development of chirped-pulsed Fourier
transform microwave spectroscopy has advanced the field
of rotational spectroscopy [38], [39]. Despite the potential
of this spectroscopic technique, spectral congestion has thus
far limited the application of CE-DFCS to small, relatively
simple molecules with less than 10 atoms [2], [40].
The work presented here applies CE-DFCS to significantly
larger and more complex molecules by combining this spec-
troscopic technique with a buffer gas cooling method that
can rotationally and translationally cool large molecules to
∼10 K and below [41], [42]. The simulated nitromethane
(CH3NO2) absorption spectra in Fig. 1a show the significant
gains in resolving power and sensitivity made possible by
cooling molecules to ∼10 K. Colder molecules not only have
a 5-times narrower Doppler-broadened linewidth, they also
occupy many fewer, lower rovibrational energy levels. This
results in a drastically simplified absorption spectrum, com-
pared to the unresolvable room temperature spectrum [18],
with clearly distinguishable absorption lines with enhanced
peak amplitudes. Without the requirements of high pumping
speed and elaborate pumping infrastructure, buffer gas cells
allow for higher resolution infrared molecular spectra with
comparable absorption sensitivity, compared to state-of-the-
art supersonic expansion jets [28], [41], [43]. The >10 ms
continuous molecular interrogation time provided by buffer
gas systems is also orders of magnitude longer than the few-
microsecond fly-through limited interrogation time of super-
sonic jets. We also note that we do not observe any evidence
of complex formation between the cold molecules and buffer
gas atoms (see Methods for details). The combined buffer gas
cooling and CE-DFCS apparatus allows us to quickly and
easily resolve individual rovibrational transitions in complex
molecules spanning multiple vibrational bands in the mid-IR
using a simple molecular cooling apparatus.
Figure 2 shows the important components of the combined
CE-DFCS and buffer gas cooling apparatus. A mid-IR fre-
quency comb, tunable from 2.8 µm to 4.8 µm is produced
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Fig. 1. a A simulated portion of the nitromethane spectrum as a function
of temperature. Individual absorption lines are much more resolvable at low
temperatures, as Doppler broadening decreases and the molecular population
moves to the lowest available energy levels. b Observed Nitromethane
Doppler-broadened absorption profile showing ∼16 K translational tem-
perature. c Measured nitromethane rotational population as a function of
energy, revealing a rotational temperature of ∼11 K (see Methods for more
details)
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Fig. 2. A schematic of the combined CE-DFCS and buffer gas cooling
apparatus. Light from a mid-IR frequency comb is coupled into a high-
finesse enhancement cavity surrounding a 5-8 K buffer gas cell filled with
cold molecules. Warm molecules enter through the side of the cell and are
quickly cooled to ∼10 K through multiple collisions with the helium buffer
gas. Comb light reflected from the cavity is dispersed by a grating, and
a ∼10 nm segment of the comb spectrum is used to generate a Pound-
Drever-Hall error signal to lock the comb to the cavity. The PDH lock
allows for continuous transmission of thousands of frequency comb modes
spanning∼100 nm [1], [2]. Transmitted comb light is coupled into a Fourier
transform spectrometer, which measures the fractional absorption of each
transmitted comb line.
in an optical parametric oscillator (OPO) pumped by a 1 µm
ytterbium fiber comb [34], [44]. Both frep ≈ 136 MHz and
fceo of the mid-IR comb are referenced to a microwave
cesium clock. The OPO comb output is then coupled into
a high finesse (F ≈ 6000) optical cavity surrounding a
5-8 K buffer gas cell. The cavity length is servoed via a
piezo mirror actuator to ensure that the cavity free spectral
range (FSR) is always exactly an integer multiple of frep.
This allows many comb frequency modes over a broad
bandwidth, limited by cavity mirror dispersion to ∼100 nm
to be resonant with the optical cavity [34]. Unlike white
light sources, comb light is efficiently coupled into the
enhancement cavity because the narrow linewidth of the
comb is comparable to that of the cavity. The comb light
makes thousands of round trips within the cavity, resulting
in a 250 m total absorption path length with cold molecules
in the buffer gas cell. To read out the fractional absorption
of each comb mode, we use a home-built (doubled-passed)
fast-scanning Fourier transform spectrometer (FTS) with a
scanning arm (0.7 m) sufficiently long for single comb mode
resolution [34], [40]. With the achievement of single comb
mode resolution, our tabletop apparatus allows us to obtain
broadband absorption spectra with an instrument linewidth of
∼50 kHz [44], more than two orders of magnitude narrower
than the 20 MHz resolution of the best available white-light
FTIR spectrometers, which use ∼10 m translation stages and
are primarily available at user facilities [22], [45].
The molecular absorption linewidth (∆ν), dominated by
15-30 MHz Doppler broadening (Fig. 1b), is significantly
smaller than the frequency spacing between comb modes
transmitted through the enhancement cavity (272 MHz).
Thus, for given values of frep and fceo, the frequency comb
is resonant with only a fraction of the molecular absorption
features that lie within the comb bandwidth. To ensure that
absorption lines are not missed by the discrete frequency
comb modes, we step the comb repetition rate by ∆frep
after averaging four FTS data acquisitions (∼30 s total).
This shifts the frequency of each comb mode by n×∆frep,
where n ≈ 106 is the comb mode number. We choose ∆frep
such that n × ∆frep . ∆ν/5, allowing us to measure the
Doppler width, and therefore the translational temperature,
of molecules in the buffer gas cell in real time. The complete
spectrum containing all absorption lines is then generated by
interleaving multiple FTS spectra, each corresponding to a
different value of frep.
We demonstrate the simultaneous advantages in reso-
lution, sensitivity, and bandwidth in this cold molecule-
comb spectroscopy system by gathering rotationally resolved
spectra in the CH stretch region (∼3.3 µm) of nitromethane
(CH3NO2), adamantane (C10H16), and hexamethylenete-
tramine (C6N4H12) for the first time. CH3NO2 is a model
system for understanding intramolecular vibrational coupling
and large amplitude internal motion and has received con-
siderable spectroscopic attention [7]–[11].
Microwave studies have largely focused on the torsion-
rotation structure of the ground vibrational state [7]–[11].
There have also been several low resolution infrared exper-
iments in the gas-phase [12]–[15], [18] and, more recently,
high resolution FTIR [16], [17], [19], [21] and laser [20]
studies investigating the vibrational structure and the effects
of internal rotation.
As shown in Fig. 3, we clearly resolve over 1000 ni-
tromethane absorption lines spanning multiple vibrational
bands, including the entire fundamental CH stretch region,
with an excellent signal-to-noise ratio for less than three
hours of data acquisition. The comb bandwidth is sufficiently
large to simultaneously gather spectra containing the ν3 +ν6
(symmetric + antisymmetric) NO stretch combination band
and the ν1 symmetric CH stretch band.1 The comb was
also tuned to a higher center frequency to acquire the
portion of the spectrum covering both components of the
ν10 asymmetric CH stretch band.
Making use of existing nitromethane microwave data to
provide ground state combination difference frequencies [9],
[10], we assigned transitions for several hundred mid-IR
absorption lines, including those from excited torsional lev-
els (see Methods for assignments, line lists, and rotational
fits). The assigned rovibrational levels reveal interesting in-
tramolecular rovibrational coupling at play in nitromethane.
For example, we observe energy level perturbations char-
acteristic of anharmonic coupling between bright and dark
rovibrational states. Most rotational term values of the ν3+ν6
band fit well to a standard Watson A-reduced Hamiltonian.
However, some levels are clearly perturbed by the nearby
dark states of a separate vibrational level (see Fig. 6 in
Methods for more detail). While coupling between the ν3+ν6
level and higher quanta vibrational levels is possible, we
suspect that the perturbing dark state is ν5 + ν6 (ν5 is the
CH3 umbrella bending mode), the only other two-quanta
level expected in the ∼2950 cm−1 region. In this case the
relatively constant magnitude of the splitting between the
mixed eigenstates, ∼0.14 cm−1, suggests that the coupling
between the methyl group vibration ν5 and the nitro group
vibration ν3, which could manifest via a quartic k3566 term
in the anharmonic normal coordinate force field, is relatively
weak. This is in stark contrast to the large zeroth-order
splitting we observe between the in-plane and out-of-plane
components of the nominally degenerate ν10 CH stretch band
caused by interactions between the methyl and nitro groups.
We also observe Coriolis coupling between the torsional,
rotational, and vibrational angular momenta in the ν3 + ν6
and ν10 bands. The identification of lines and their spectral
patterns is greatly simplified by the lack of systematic
fluctuations in line intensities owing to the comb’s capability
of simultaneous acquisition of spectral features across the
vast spectral region.
To simplify the line assignment process, we applied a
moderate 50-400 V/cm tunable DC electric field within the
buffer gas cell and monitored the distinct DC Stark-shift
signature of each nitromethane absorption line. An electric
field mixes molecular eigenstates together and causes them
to experience a unique energy shift that depends on the
molecular frame electric dipole moment and the presence
of nearby states of opposite parity. As seen in the inset of
Fig. 3, the high resolution and sensitivity provided by our
apparatus allow us to clearly observe these relatively small
(.100 MHz) energy level shifts in the nitromethane absorp-
tion spectrum. The pattern of the Stark shift is indicative of
the specific types of eigenstates participating in the observed
molecular transition. Figure 3 inset b, for example, shows the
1Our vibrational mode labeling convention follows that of Table 15-5
from Ref. [46].
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Fig. 3. Survey absorption spectrum of nitromethane, revealing over 1000 lines in multiple vibrational bands. The vibrational assignments are indicated
in the figure, along with a description and illustration of the corresponding vibrational motions associated with each band. The left inset includes a small
frequency window (0.2 cm−1) of the 2974 cm−1 band showing clearly resolved transitions and the typical spectral line density. Insets a and b show two
examples of characteristic DC Stark splitting patterns, as described in the text.
clear Stark-splitting signature of a transition between excited
torsional states (|m| = 1, where m is the internal rotation
quantum number), which split symmetrically and linearly in
an electric field [7], [9]. Ground (m = 0) torsional states,
which are non-degenerate, exhibit no such first-order Stark
splitting and can therefore be clearly distinguished from
excited torsional states. Similarly, closely lying rotational
levels of opposite parity will mix together, allowing new
transitions to take place between pairs of mixed parity
states, an effect clearly observed in Fig. 3 inset a. The
apparatus also helped resolve varying degrees of quadratic
and linear energy shifts in many other molecular eigenstates
when the modest electric field was applied. The information
gained by comparing absorption spectra acquired with zero
electric field to that acquired with a 50-400 V/cm electric
field greatly facilitated the assignment process and provided
additional confirmation of many line identifications.
We have also used our apparatus to gather rotationally
resolved spectra of several large organic molecules, shown
in Fig. 4, including naphthalene (C10H8), a polyaromatic
hydrocarbon with an extensive spectroscopic history [22],
[47]–[49], adamantane (C10H16), the simplest member of
the diamondoid family [23], and hexamethylenetetramine
(HMT, C6N4H12), a molecule of astrochemical interest [24]–
[27]. The high-resolution spectra of these molecules, which
represent some of the largest molecules to ever be rotation-
ally resolved in the mid-IR, were obtained with only 30-
90 minutes of acquisition time per species. As far as the
authors are aware, these are the first rotationally resolved
spectra to be obtained for these species in the CH stretch
region [23], [26], [27], with the exception of naphthalene for
which skimmed-molecular beam optothermal experiments
have been performed [48], in contrast to the direct absorption
spectra we report here. The adamantane spectrum (Fig. 4c)
reveals over 4000 absorption features spanning five separate
vibrational bands comprised of the three IR active CH
stretch fundamentals, ν20, ν21, ν22, and two other bands near
2853.1 cm−1 and 2904.6 cm−1. New unassigned bands are
also observed in naphthalene and HMT near 3058 cm−1 and
2954 cm−1, respectively (Fig. 4a-b). The inset in Fig. 4a
shows the reduced term energies measured for rotational
levels of the ν29 CH stretch band of naphthalene, illustrating
very good agreement with the calculated effective Hamil-
tonian for a semi-rigid asymmetric top. Furthermore, we
have measured the rotational and translational temperatures
of these larger molecules and found them to be comparable
to those of nitromethane, ∼10 K. (see Methods for additional
analysis of large molecule spectra and line lists).
This novel cold molecule-comb spectroscopy system gives
us the ability to quickly acquire rotationally resolved spectra
of a number of large molecules in addition to those displayed
in Fig. 4. Intramolecular vibrational energy redistribution
(IVR), however, presents an intrinsic challenge to high reso-
lution spectroscopy of many large molecules in the 3-5 µm
wavelength region of our frequency comb. As illustrated
by Fig. 5, the low vibrational state density of more rigid
molecules, such as naphthalene and adamantane, prevents
the onset of severe spectral fractionation due to anharmonic
and rovibrational coupling between the observed bright states
and the dense bath of dark states. On the other hand, we
expect IVR to obscure the spectra of molecules with signif-
icantly higher state densities, such as pyrene or anthracene,
in the CH stretch region. Rotationally resolved spectra of
such molecules may only realistically be obtained at lower
frequencies [28]. As we push to acquire high resolution
spectra of even larger molecules in the 3 µm region, highly
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Fig. 4. Survey absorption spectrum of several large molecules including a naphthalene (C10H8), b hexamethylenetetramine (C6H12N4), and c adamantane
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the observed reduced rotational term energies of the naphthalene ν29 band are well described by a semi-rigid asymmetric top effective Hamiltonian, with
a residual scatter of 13 MHz.
symmetric, rigid species, such as dodecahedrane, C20H20,
are the most promising targets. Many more molecules, such
as C60, will become accessible to this spectroscopic method
as frequency comb technology is pushed deeper into the IR.
The successful integration of buffer gas cooling of
molecules and massively parallel direct frequency comb
spectroscopy directly resulted in the first observation of
thousands of fully resolved direct absorption features in the
CH stretch region of nitromethane, naphthalene, adamantane,
and hexamethylenetetramine. However, both the resolving
power and detection sensitivity of this novel apparatus can
still be improved, and its range of application expanded. For
example, with simple modifications to the buffer gas cell
we also foresee a straightforward path to the production and
study of cold molecular radicals. The long (>10 ms) and
continuous interrogation time provided by the buffer gas cell
opens the door to many exciting new studies of the kinetics
of cold radical reactions using our technique of time-resolved
frequency comb spectroscopy [52].
METHODS SUMMARY
Within the buffer gas cell, cold helium gas is used to cool
gas-phase molecules to ∼10 K [41]. The 5-8 K aluminum
cell (6 cm x 6 cm x 6 cm) is anchored to the cold stage of
a pulse tube refrigerator and surrounded by a 35 K copper
shield to minimize radiative blackbody heating. Electrically
insulated flat copper electrodes on opposite sides of the cell
allow for the application of tunable DC electric fields parallel
to the cavity axis. Between the cell and shield are helium
cryopumps made of charcoal. These cryogenic components
are enclosed within a ∼10−6 Torr vacuum chamber. Warm
molecules enter the cell through a small ∼300 K tube, while
a cold (5-8 K) tube delivers the buffer gas. The hot tube
must be recessed 1-2 cm from the outer cell wall to prevent
parasitic heating of the buffer gas. To achieve sufficiently
high inlet flows of larger hydrocarbons, which are solid at
room temperature, these species are first vaporized in a 50-
200 oC copper oven located just outside the 35 K blackbody
shield. When the oven is sufficiently hot, a continuous flow
of hydrocarbons exits the oven through a 2 mm aperture and
then enters the cold cell. Molecules mix together in the cell
where multiple cell-He and He-molecule collisions bring the
initially warm molecules into thermal equilibrium with the
cold cell. Measured molecular rotational and translational
temperatures are typically ∼10-15 K (Fig. 1b-c), and molec-
ular and helium densities are estimated to be ∼5×1012 cm−3
and ∼1014 cm−3, respectively. To study possible molecule
clustering, higher polarizability neon is used as a buffer gas
by adding thermal standoffs between the buffer gas cell and
the refrigerator cold stage and warming the cell with heating
resistors to ∼20 K.
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Fig. 5. The vibrational density of states for several large hydrocarbons. In
increasing order, the total density of states (i.e. not symmetry selected)
versus vibrational energy is shown for adamantane (C10H16), naphtha-
lene (C10H8), dodecahedrane (C20H20), diamantane (C14H20), anthracene
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METHODS
Apparatus A system of one-inch thick stainless steel rods and
edge-welded bellows stabilizes the cavity length on a macroscopic
scale and mechanically isolates the broadband (3.1-3.5 µm) high
reflectivity cavity mirrors from the cold cell. The position and angle
of each mirror is controlled by a set of three precision screws. One
mirror is mounted to a tube-piezo for fine length adjustment with
∼1 kHz bandwidth. The positions of the mirrors, precision mounts,
and tube piezo are fixed on a macroscopic length scale by four 1-
inch thick stainless steel rods which are mechanically isolated from
the vacuum apparatus.
The length of the high finesse cavity are is servoed so that the
cavity free spectral range (FSR) is always exactly twice the mid-IR
comb repetition rate frep. Phase modulation for the Pound-Drever-
Hall (PDH) error signal is obtained by dithering the pump laser
cavity length using a fast PZT at one of its resonance frequencies
(760 kHz). The light reflected from the cavity is picked off with a
polarizing beam splitter, dispersed with a reflection grating, passed
through a slit, and directed on a photodiode. The grating and slit
serve to select the comb spectral elements to which the cavity
is locked. The photodiode signal from the ∼10 nm wide portion
of comb light that passes through the slit is demodulated at the
760 kHz dither frequency to yield an error signal. This error signal
is then used to a feed back on the cavity length, via the tube piezo,
to fix the cavity FSR to 2× frep. Following the technique of [44],
the mid-IR comb repetition rate (frep) and carrier envelope offset
frequency (fceo) are each referenced to a frequency generated by a
direct digital synthesizer (DDS) locked to a cesium clock [34].
Fourier transform spectral processing The path length differ-
ence ∆` of our Fourier transform interferometer is sufficiently long
to ensure that the instrument linewidth, which is equal to (∆`)−1, is
smaller than the spacing between adjacent frequency comb modes
transmitted by the enhancement cavity (i.e. the cavity free spectral
range). By resolving individual comb modes, our spectral resolution
becomes that of the frequency comb linewidth itself and is not
limited by the instrument path length.
In order to exploit this drastic improvement in resolution, some
post-processing must be applied to the acquired spectrum. The
length of the interferogram we collect is typically such that the
corresponding spacing between adjacent elements in the frequency
domain is about 100 MHz. Since this is not an integer fraction
of the absorption cavity FSR (∼ 272 MHz), the frequencies of the
evenly spaced comb modes and the center frequencies of the Fourier
transform spectrum walk on and off from each other. In order to
measure the value of the spectrum at the actual frequencies of the
comb modes, we resample the complex spectrum via convolution
with the instrument lineshape function (a sinc function). This
convolution can be performed efficiently, allowing us to easily
and repeatedly resample the complex spectrum in order to locate
the center frequency and intensity of each comb mode. Similar
techniques, employing zero-padding of the interferogram, have
been used recently for comb mode resolved Fourier transform
spectroscopy by other workers as well [53].
Rotational fits: results and discussion
I. Nitromethane A complete linelist of our assigned m = 0
and 1 transitions of the 2953 cm−1 band of CH3NO2, which we
identify as ν3 + ν6, can be found in Table 1. Upper state term
values were calculated using our measured transition frequencies
and ground state torsion-rotation energies from previous studies [9],
[10]. These energies were used to perform a least-squares fit of
the m = 0 levels, excluding perturbed states. Unfortunately, the
number of m = 1 assignments is too small to permit a fit of
these levels. Watson’s asymmetric top A-reduced Hamiltonian (Ir
representation) [54] was used as follows
Hˆ = AJˆ2z +
B + C
2
(
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)
+
B − C
4
(
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2
−
)
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− 1
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2
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−
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+
Given that the levels measured only extend to J ′ ≤ 8, the quartic
centrifugal distortion (CD) parameters were not well determined
and therefore held fixed to their ground state values. Table 2
summarizes these results for the ν3 + ν6 band. It also includes
the rotational parameters of the m = 0 manifolds of the ground
state and ν6 fundamental determined by previous studies [9], [19].
TABLE 2
Asymmetric top Hamiltonian fit results for CH3NO2. Values in brackets
are fixed, and uncertainties are given in parentheses. All parameter values
are specified in cm−1. The inertial defect ∆i, determined from
Ic − Ia − Ib, is given in uA˚2.
Parameter Ground statea ν3 + ν6b ν6c
Tv 0 2952.6854(45) 1583.81163(20)
A 0.44503725(100) 0.439902(180) 0.4449620(33)
B 0.35172249(100) 0.347716(303) 0.3516825(26)
C 0.19599426(97) 0.194949(143) 0.1960255(9)
∆J × 106 0.2048(207) [0.2048] 0.2431(23)
∆JK × 106 0.5921(123) [0.5921] 0.6822(103)
∆K × 106 -0.2515(133) [-0.2515] -1.5701(93)
δJ × 106 0.08229(147) [0.08229] 0.0717(11)
δK × 106 0.52536(634) [0.52536] 0.4573(34)
RMSE — 1.1× 10−2 2.3× 10−3
∆i +0.203 −0.330 +0.177
a. Ref. [9]
b. This work
c. Ref. [19]
The shifts of the rotational constants from the ground state to
ν3 + ν6 are significantly larger in magnitude than those of the ν6
fundamental. Indeed, they appear larger than can be accounted for
by excitation in ν3 alone, suggesting significant perturbation of this
relatively highly excited level. Unfortunately, the ν3 fundamental
has not yet been analyzed at high resolution, and so we cannot make
a comparison of the rotational structure of both fundamentals and
their combination band. Another way to quantify the change in the
rotational structure is through the inertial defect (∆i = Ic−Ia−Ib),
which experiences a large negative shift from +0.203 uA˚2 in the
ground state to −0.330 uA˚2 in ν3 + ν6. A negative change in
the intertial defect is consistent with an increase in the torsional
potential barrier [20], as the methyl group becomes locked-in with
respect to the plane of the C-NO2 frame. We note that this is also
consistent with our very preliminary analysis of currently assigned
m = 1 levels. However, further progress on m > 0 assignments is
necessary before more definitive conclusions can be made.
II. Naphthalene The ν29 band of naphthalene was also treated
using the asymmetric top effective Hamiltonian above. The subset
of levels used in the fit (J ′ ≤ 14,K′a ≤ 3), again, did not permit a
determination of the quartic CD parameters, which we held fixed
to ground state values from Ref. [49]. A listing of the 155 b-type
transitions we assigned and included in this fit is given in Table 3.
The fitted molecular constants are summarized in Table 4. The
TABLE 4
Asymmetric top Hamiltonian fit results for naphthalene. Values in brackets
are fixed, and uncertainties are given in parentheses.
Parameter Ground statea ν29b ν29c
Tv 0 3064.5942(5) 3064.58(2)
A 0.104051836(124) 0.104198(30) 0.104013(17)
B 0.04112733(37) 0.0411173(38) 0.0411023(45)
C 0.029483552(140) 0.02942455(9) 0.0294062(20)
∆J × 109 0.528(49) [0.528]
∆JK × 109 1.206(145) [1.206]
∆K × 109 5.648(112) [5.648]
δJ × 109 0.1752d [0.1752]
δK × 109 1.951d [1.951]
RMSE 3.1×10−4 4.3×10−4 6.3× 10−4
∆i −0.137 +1.137 +1.057
a. Ref. [49]
b. This work
c. Ref. [48]
d. Calculated values [49].
values of the A, B, and C rotational constants of the ν29 level are
similar to the ground state values. The equilibrium geometry of
naphthalene is planar, which is consistent with the small inertial
defect of the ground state. However, the defect significantly
increases upon excitation of the ν29 in-plane CH stretching
mode. Rotational constants for this band have been previously
measured in a skimmed molecule beam experiment [48], but differ
significantly from the values reported here. Indeed, the ground
state rotational constants from that study do not agree with our
observed ground state combination differences, which were well
reproduced using the values listed in Table 4 from Ref. [49].
Rotational temperature In order to determine the rotational
temperature of the buffer gas cooled nitromethane molecules, we
first calculated the relative population in different rotational levels of
the torsional-vibrational ground state. To do this, Hamiltonian fit pa-
rameters (see above) were used to construct rotational Hamiltonian
matrices, which were diagonalized to produce rotational eigenfunc-
tions for both the ground and ν3+ν6 levels. Transition dipole matrix
elements between these rotational eigenfunctions can be calculated
using well-known direction cosine matrix elements [55]. The peak
intensities of P and R-branch transitions with J ′′ = 0 − 8 and
K′′a = 0 (which we estimate to have a measurement uncertainty of
10%) were normalized by the square of the corresponding transition
dipole matrix elements to generate the relative populations in each
level. The logarithm of these relative populations as a function of
energy was then fit to a first-order polynomial (Fig. 1 in the main
text), the slope of which is equal to −(kTrot)−1, where k is the
Boltzmann constant and Trot is the effective rotational temperature.
Our extracted rotational temperature of 10.7(12) K is comparable to
the translational temperature, 16(1) K, determined by the measured
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Fig. 6. Reduced term values of the rotational sub-levels of ν3+ν6 (m = 0),
plotted against the total angular momentum, J (scaled as J(J + 1)). The
reduced energies are equal to the absolute energy minus J(J + 1) times
the average of the B and C rotational constants. The solid lines connect
sets of levels with respect to Ka (the projection of J onto the molecular
inertial a-axis) and their parity (e/f) symmetry label. Inset: pairs of perturbed
eigenstates, split symmetrically about the zeroth-order bright state position,
are indicated in bold markers (see Methods for additional details).
Doppler widths. Thermalization between translational and rotational
degrees of freedom is only partial, but certainly more complete than
that typically obtainable in a supersonic jet.
Molecule-buffer gas clustering Because of the cold buffer gas
temperature, the formation of weakly bound complexes containing
a molecule and buffer gas atom(s) is possible. We attempted to
observe neon-acetylene, Ne-C2H2, complexes by cooling C2H2 in
a neon buffer gas at 20 K. In Fig. 7, we compare the previously
measured spectrum of the complex (upper trace, reproduced from
Ref. [56]), with our measured spectrum of the buffer gas cell (lower
trace). We observe no absorption from Ne-C2H2 above our baseline
noise floor. The acetylene flow rate into the cell for this measure-
ment (10 sccm) was sufficiently high to saturate our absorption
dynamic range for most of the monomer transitions. Therefore, to
aid in the comparison of the relative absorption of the complex,
we have marked the R(0) transition at 3286.476 cm−1 of the ν3
band of HC13CH, which occurs at about 1% natural abundance
relative to the normal isotopologue. Two hot band transitions, at
3285.891 and 3286.176 cm−1, from vibrational levels with one
quantum of excitation in either of the two degenerate bending
modes [(ν2+2ν4+ν5)`=1II −ν4, R(6f) and (ν2+ν4+2ν5)`=1II −ν5,
R(5f)] are also labeled in the cold cell spectrum. Based on this
measurement, we estimate the peak absorption of Ne-C2H2 to
be less than 0.1% relative to the monomer. This upper bound
complements previous experiments that determined the population
fraction of He-trans-Stilbene complexes to be less than 5% using
UV-LIF spectroscopy in a similar cold cell apparatus [42].
Vibrational density of states The vibrational density of states
estimates presented in Fig. 5 were calculated using a direct state
counting algorithm [57]. We used observed–and when not available,
calculated–vibrational frequencies for adamantane [58], [59], naph-
thalene [48], [60], [61], diamantane [62], [63], dodecahedrane [64],
[65], anthracene [66], [67], and pyrene [68], [69]. In the case of
only purely vibrational anharmonic interactions, the relevant density
of states is that of states with the same vibrational symmetry
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Fig. 7. Comparison of measured buffer gas cooled C2H2 spectrum (bottom
trace) with that of the Ne-C2H2 complex (upper trace; reproduced from Fig.
1 of Ref. [56], permission pending). Three acetylene monomer transitions
in the buffer gas cooled spectrum, including two hot band transitions and
a 13C feature as described in the text, have been labeled. The buffer gas
cooled spectrum has been rebinned with a bin size of 5 frequency elements
(∼40 MHz total).
as the zero-order bright state. This fraction is n2/g, where g is
the order of the molecular point group and n is the dimension
of the irreducible representation of interest [70]. For the CH
stretch fundamental levels, in particular, these fractions are 1/8 for
naphthalene, anthracene, and pyrene; 3/8 for adamantane; 3/40 for
dodecahedrane; and 1/12 or 1/3 for diamantane (non-degenerate or
doubly degenerate modes, respectively).
m'' J'' Ka'' Kc'' E'' 
a E'' b m' J' Ka' Kc' Line Pos. E' 
a E' b Comment
0 2 2 0 2.4213 2.421311 0 1 1 1 0.8969 3.3182 3.3182
0 2 0 2 1.5497 1.549651 0 1 1 1 1.7690 3.3187 3.3186
0 0 0 0 0.0000 0.000000 0 1 1 1 3.3184 3.3184 3.3184
0 2 2 1 2.3278 2.327828 0 1 1 0 1.1362 3.4640 3.4640
0 1 0 1 0.5477 0.547713 0 1 1 0 2.9161 3.4638 3.4638
0 3 2 1 4.3221 4.322080 0 2 1 2 -0.0584 4.2637 4.2637
0 3 0 3 2.9351 2.935110 0 2 1 2 1.3287 4.2638 4.2638
0 2 2 1 2.3278 2.327828 0 2 1 2 1.9358 4.2636 4.2637
0 1 0 1 0.5477 0.547713 0 2 1 2 3.7159 4.2636 4.2636
0 3 2 2 3.9710 3.970934 0 2 1 1 0.7220 4.6930 4.6929
0 2 2 0 2.4213 2.421311 0 2 1 1 2.2719 4.6932 4.6932
0 2 0 2 1.5497 1.549651 0 2 1 1 3.1437 4.6934 4.6934
0 4 0 4 4.7032 4.703276 0 3 1 3 0.8403 5.5435 5.5436 component 1
0 3 2 2 3.9710 3.970934 0 3 1 3 1.5730 5.5440 5.5440
0 2 0 2 1.5497 1.549651 0 3 1 3 3.9944 5.5441 5.5440
0 4 0 4 4.7032 4.703276 0 3 1 3 0.9769 5.6801 5.6802 component 2
0 3 2 2 3.9710 3.970934 0 3 1 3 1.7096 5.6806 5.6805
0 2 0 2 1.5497 1.549651 0 3 1 3 4.1310 5.6807 5.6806
0 4 2 3 6.0822 6.082186 0 3 1 2 0.3326 6.4148 6.4148 component 1
0 3 2 1 4.3221 4.322080 0 3 1 2 2.0930 6.4151 6.4151
0 3 0 3 2.9351 2.935110 0 3 1 2 3.4799 6.4150 6.4150
0 2 2 1 2.3278 2.327828 0 3 1 2 4.0869 6.4147 6.4147
0 4 2 3 6.0822 6.082186 0 3 1 2 0.4721 6.5543 6.5543 component 2
0 3 2 1 4.3221 4.322080 0 3 1 2 2.2327 6.5548 6.5547
0 3 0 3 2.9351 2.935110 0 3 1 2 3.6193 6.5544 6.5544
0 2 2 1 2.3278 2.327828 0 3 1 2 4.2265 6.5543 6.5544 weak
0 4 2 2 6.8395 6.839377 0 3 3 1 0.6678 7.5073 7.5072
0 4 4 0 8.3120 8.311898 0 3 3 1 -0.8046 7.5074 7.5073
0 3 2 2 3.9710 3.970934 0 3 3 1 3.5361 7.5071 7.5070
0 2 2 0 2.4213 2.421311 0 3 3 1 5.0860 7.5073 7.5073
0 4 4 1 8.2954 8.295303 0 3 3 0 -0.7425 7.5529 7.5528
0 3 2 1 4.3221 4.322080 0 3 3 0 3.2309 7.5530 7.5530
0 2 2 1 2.3278 2.327828 0 3 3 0 5.2248 7.5526 7.5526
0 5 0 5 6.8608 6.860890 0 4 1 4 0.4886 7.3494 7.3495
0 4 2 3 6.0822 6.082186 0 4 1 4 1.2671 7.3493 7.3493
0 3 0 3 2.9351 2.935110 0 4 1 4 4.4145 7.3496 7.3496
0 5 2 4 8.6197 8.619788 0 4 1 3 -0.0580 8.5617 8.5618 component 1, blended
0 4 2 2 6.8395 6.839377 0 4 1 3 1.7222 8.5617 8.5616
0 4 0 4 4.7032 4.703276 0 4 1 3 3.8584 8.5616 8.5617
0 3 2 2 3.9710 3.970934 0 4 1 3 4.5908 8.5618 8.5618
0 5 2 4 8.6197 8.619788 0 4 1 3 0.1185 8.7382 8.7383 component 2
0 4 2 2 6.8395 6.839377 0 4 1 3 1.8990 8.7385 8.7383
0 4 0 4 4.7032 4.703276 0 4 1 3 4.0351 8.7383 8.7384
0 3 2 2 3.9710 3.970934 0 4 1 3 4.7679 8.7389 8.7388
0 5 4 1 11.3531 11.352928 0 4 3 2 -1.5563 9.7968 9.7966
0 5 2 3 9.8561 9.856035 0 4 3 2 -0.0594 9.7967 9.7966
0 4 4 1 8.2954 8.295303 0 4 3 2 1.5013 9.7967 9.7966
0 4 2 3 6.0822 6.082186 0 4 3 2 3.7148 9.7970 9.7969
0 3 2 1 4.3221 4.322080 0 4 3 2 5.4746 9.7967 9.7967
0 5 4 2 11.2347 11.234530 0 4 3 1 -1.2089 10.0258 10.0256
0 4 4 0 8.3120 8.311898 0 4 3 1 1.7136 10.0256 10.0255
0 4 2 2 6.8395 6.839377 0 4 3 1 3.1866 10.0261 10.0260
0 3 2 2 3.9710 3.970934 0 4 3 1 6.0545 10.0255 10.0255
0 6 0 6 9.4096 9.409937 0 5 1 5 0.0883 9.4979 9.4983
0 5 2 4 8.6197 8.619788 0 5 1 5 0.8783 9.4980 9.4981
0 4 0 4 4.7032 4.703276 0 5 1 5 4.7953 9.4985 9.4985
0 6 2 5 11.5602 11.560383 0 5 1 4 -0.3965 11.1637 11.1639 component 1
0 5 2 3 9.8561 9.856035 0 5 1 4 1.3077 11.1638 11.1637
0 5 0 5 6.8608 6.860890 0 5 1 4 4.3030 11.1638 11.1639
0 4 2 3 6.0822 6.082186 0 5 1 4 5.0816 11.1638 11.1638
0 6 2 5 11.5602 11.560383 0 5 1 4 -0.2190 11.3412 11.3414 component 2
0 5 2 3 9.8561 9.856035 0 5 1 4 1.4853 11.3414 11.3413
0 5 0 5 6.8608 6.860890 0 5 1 4 4.4808 11.3416 11.3416
0 4 2 3 6.0822 6.082186 0 5 1 4 5.2591 11.3413 11.3413
0 6 4 2 15.1375 15.137207 0 5 3 3 -2.5377 12.5998 12.5996
0 6 2 4 13.2562 13.256243 0 5 3 3 -0.6579 12.5983 12.5984 blended
0 5 4 2 11.2347 11.234530 0 5 3 3 1.3649 12.5996 12.5994
0 5 2 4 8.6197 8.619788 0 5 3 3 3.9795 12.5992 12.5993
0 4 2 2 6.8395 6.839377 0 5 3 3 5.7600 12.5995 12.5994
0 6 4 3 14.7434 14.743171 0 5 3 2 -1.5973 13.1461 13.1459 blended
0 5 4 1 11.3531 11.352928 0 5 3 2 1.7934 13.1465 13.1463
0 5 2 3 9.8561 9.856035 0 5 3 2 3.2907 13.1468 13.1467
0 4 4 1 8.2954 8.295303 0 5 3 2 4.8515 13.1469 13.1468
0 4 2 3 6.0822 6.082186 0 5 3 2 7.0647 13.1469 13.1468
0 6 6 0 17.7884 17.788197 0 5 5 1 -2.6539 15.1345 15.1343
0 5 4 2 11.2347 11.234530 0 5 5 1 3.9001 15.1348 15.1346
0 4 4 0 8.3120 8.311898 0 5 5 1 6.8224 15.1344 15.1343
0 6 6 1 17.7865 17.786379 0 5 5 0 -2.6450 15.1415 15.1414
0 5 4 1 11.3531 11.352928 0 5 5 0 3.7881 15.1412 15.1411
Table 1: Linelist for the 2953 cm-1 band. Transitions are indicated with the lower state (") and upper state (') asymmetric top 
quantum numbers, J, Ka, and Kc. An offset of 2950 cm-1 has been subtracted from the line positions and upper states energies.
a Ground state energies calculated from parameters in [F. Rohart, J. Mol. Spectrosc.  57, 301 (1975)].
b
 Ground state energies from [G. O. Sørensen et al , J. Mol. Struct. 97, 77 (1983)].
0 4 4 1 8.2954 8.295303 0 5 5 0 6.8458 15.1412 15.1411
0 7 0 7 12.3503 12.350829 0 6 1 6 -0.3695 11.9808 11.9813 component 1
0 6 2 5 11.5602 11.560383 0 6 1 6 0.4209 11.9811 11.9812
0 5 0 5 6.8608 6.860890 0 6 1 6 5.1207 11.9815 11.9816
0 7 0 7 12.3503 12.350829 0 6 1 6 -0.2185 12.1318 12.1324 component 2, overlap
0 6 2 5 11.5602 11.560383 0 6 1 6 0.5715 12.1317 12.1319
0 5 0 5 6.8608 6.860890 0 6 1 6 5.2709 12.1317 12.1318
0 7 2 6 14.8950 14.895396 0 6 1 5 -0.7442 14.1508 14.1512
0 6 2 4 13.2562 13.256243 0 6 1 5 0.8948 14.1510 14.1511
0 6 0 6 9.4096 9.409937 0 6 1 5 4.7417 14.1513 14.1516
0 5 2 4 8.6197 8.619788 0 6 1 5 5.5319 14.1516 14.1517
0 7 2 5 17.0123 17.012438 0 6 3 4 -1.1530 15.8593 15.8594
0 6 4 3 14.7434 14.743171 0 6 3 4 1.1160 15.8594 15.8591
0 6 2 5 11.5602 11.560383 0 6 3 4 4.2986 15.8588 15.8590
0 5 2 3 9.8561 9.856035 0 6 3 4 6.0030 15.8591 15.8591
0 7 4 4 18.7676 18.767500 0 6 3 3
0 6 4 2 15.1375 15.137207 0 6 3 3 1.7430 16.8805 16.8802
0 6 2 4 13.2562 13.256243 0 6 3 3 3.6240 16.8802 16.8802
0 5 4 2 11.2347 11.234530 0 6 3 3 5.6459 16.8806 16.8805 weak
0 5 2 4 8.6197 8.619788 0 6 3 3
0 7 4 4 18.7676 18.767500 0 6 3 3
0 6 4 2 15.1375 15.137207 0 6 3 3 1.6553 16.7928 16.7925
0 6 2 4 13.2562 13.256243 0 6 3 3 3.5361 16.7923 16.7924 overlap
0 5 4 2 11.2347 11.234530 0 6 3 3
0 5 2 4 8.6197 8.619788 0 6 3 3
0 7 6 1 21.9487 21.948226 0 6 5 2 -3.2809 18.6678 18.6673
0 6 6 1 17.7865 17.786379 0 6 5 2 0.8807 18.6672 18.6671
0 6 4 3 14.7434 14.743171 0 6 5 2 3.9241 18.6675 18.6673
0 5 4 1 11.3531 11.352928 0 6 5 2 7.3146 18.6677 18.6675
0 7 6 2 21.9282 21.927772 0 6 5 1 -3.2034 18.7248 18.7244
0 6 6 0 17.7884 17.788197 0 6 5 1 0.9366 18.7250 18.7248
0 6 4 2 15.1375 15.137207 0 6 5 1 3.5872 18.7247 18.7244
0 5 4 2 11.2347 11.234530 0 6 5 1 7.4901 18.7248 18.7247
0 8 0 8 15.6827 15.683641 0 7 1 7 -0.7391 14.9436 14.9445 blended
0 7 2 6 14.8950 14.895396 0 7 1 7 0.0492 14.9442 14.9445
0 6 0 6 9.4096 9.409937 0 7 1 7 5.5346 14.9442 14.9445
0 8 2 7 18.6219 18.622625 0 7 1 6 -1.1604 17.4615 17.4622 ?
0 7 2 5 17.0123 17.012438 0 7 1 6 0.4498 17.4621 17.4623
0 7 0 7 12.3503 12.350829 0 7 1 6 5.1117 17.4620 17.4625
0 6 2 5 11.5602 11.560383 0 7 1 6 5.9019 17.4621 17.4623
0 8 2 6 21.1426 21.143107 0 7 3 5 -1.5966 19.5460 19.5465 blended
0 7 4 4 18.7676 18.767500 0 7 3 5 0.7782 19.5458 19.5457
0 7 2 6 14.8950 14.895396 0 7 3 5 4.6502 19.5452 19.5456
0 6 2 4 13.2562 13.256243 0 7 3 5 6.2896 19.5458 19.5458
0 7 4 3 19.6150 19.614558 0 7 3 4 1.5684 21.1834 21.1830 tentative
0 7 2 5 17.0123 17.012438 0 7 3 4 4.1707 21.1830 21.1832
0 6 4 3 14.7434 14.743171 0 7 3 4 6.4402 21.1836 21.1834
0 7 4 3 19.6150 19.614558 0 7 3 4 1.3625 20.9775 20.9771 tentative
0 7 2 5 17.0123 17.012438 0 7 3 4 3.9658 20.9781 20.9782
0 6 4 3 14.7434 14.743171 0 7 3 4 6.2355 20.9789 20.9787
0 8 8 0 30.8313 30.831142 0 7 7 1 -4.5623 26.2690 26.2688 very  weak, blended
0 6 6 0 17.7884 17.788197 0 7 7 1 8.4802 26.2686 26.2684
0 8 8 1 30.8311 30.830978 0 7 7 0 -4.5623 26.2688 26.2687 very  weak, blended
0 7 6 1 21.9487 21.948226 0 7 7 0 4.3211 26.2698 26.2693
0 6 6 1 17.7865 17.786379 0 7 7 0 8.4830 26.2695 26.2694
0 9 0 9 19.4070 19.408388 0 8 1 8 -1.1478 18.2592 18.2606 tentative
0 7 0 7 12.3503 12.350829 0 8 1 8 5.9091 18.2594 18.2599 " "
τ energy ordering only counts non-zero spin-weighted levels
m'' J'' τ'' m' J' τ'
1 3 1 7.5474 7.545719 1 2 1 0.7904 8.3378 8.3361
1 2 1 6.4605 6.459007 1 2 1 very weak
1 1 1 5.3918 5.390459 1 2 1 2.9457 8.3375 8.3361
1 4 1 9.3853 9.383413 1 3 1 0.3800 9.7653 9.7634
1 3 2 8.1993 8.197563 1 3 1
1 2 1 6.4605 6.459007 1 3 1 3.3043 9.7648 9.7633
1 5 1 11.5669 11.564673 1 4 1 0.0002 11.5671 11.5648
1 4 2 10.5371 10.534994 1 4 1 1.0298 11.5669 11.5648
1 3 2 8.1993 8.197563 1 4 1 3.3673 11.5666 11.5648
1 3 1 7.5474 7.545719 1 4 1 4.0193 11.5667 11.5650
1 6 1 14.1294 14.126832 1 5 1 -0.7197 13.4097 13.4071
1 5 2 13.1369 13.134167 1 5 1 0.2729 13.4098 13.4071
1 4 1 9.3853 9.383413 1 5 1 4.0240 13.4093 13.4074
1 7 1 17.0794 17.076453 1 6 1 -1.0788 16.0006 15.9976
1 5 1 11.5669 11.564673 1 6 1 4.4330 15.9999 15.9976
1 8 1 20.4190 20.415573 1 7 1 -1.4281 18.9909 18.9874
1 7 2 19.5036 19.500138 1 7 1 -0.5125 18.9911 18.9876
1 6 1 14.1294 14.126832 1 7 1 4.8611 18.9905 18.9879
J' Ka' Kc' J'' Ka'' Kc'' Frequency J' Ka' Kc' J'' Ka'' Kc'' Frequency J' Ka' Kc' J'' Ka'' Kc'' Frequency
1 0 1 1 1 0 3064.5194 6 1 5 5 2 4 3064.9107 10 1 9 10 2 8 3064.2364
1 0 1 2 1 2 3064.4017 6 1 5 6 0 6 3064.8387 10 1 9 11 2 10 3063.8360
1 1 0 1 0 1 3064.6690 6 1 5 6 2 4 3064.4118 10 2 8 10 1 9 3064.9458
1 1 0 2 2 1 3064.2528 6 1 5 7 2 6 3064.0101 10 2 8 10 3 7 3064.3234
1 1 1 0 0 0 3064.7279 6 2 5 5 1 4 3065.1368 10 2 8 11 3 9 3063.6748
1 1 1 2 0 2 3064.5172 6 2 5 6 1 6 3064.9290 10 2 9 9 1 8 3065.2970
2 0 2 1 1 1 3064.6708 6 2 5 6 3 4 3064.2260 10 2 9 10 1 10 3065.1220
2 0 2 2 1 1 3064.5063 6 2 5 7 1 6 3064.1843 10 2 9 10 3 8 3064.1169
2 0 2 3 1 3 3064.3481 6 2 5 7 3 4 3063.7038 10 2 9 11 1 10 3063.8679
3 0 3 3 1 2 3064.4839 7 0 7 6 1 6 3065.0268 11 0 11 10 1 10 3065.2650
3 0 3 4 1 4 3064.2969 7 0 7 7 1 6 3064.2825 11 0 11 11 1 10 3064.0113
3 1 2 3 0 3 3064.7039 7 0 7 8 1 8 3064.0862 11 0 11 12 1 12 3063.8503
3 1 2 3 2 1 3064.4141 7 1 6 6 2 5 3065.0019 11 1 10 10 2 9 3065.3122
3 1 2 4 2 3 3064.1400 7 1 6 7 0 7 3064.9024 11 1 10 11 0 11 3065.1663
3 1 3 2 0 2 3064.8398 7 1 6 7 2 5 3064.3887 11 1 10 11 2 9 3064.1655
3 1 3 3 2 2 3064.3515 7 1 6 8 2 7 3063.9715 11 1 10 12 2 11 3063.7834
3 1 3 4 0 4 3064.3646 7 1 7 6 0 6 3065.0419 11 1 11 10 0 10 3065.2660
3 2 1 2 1 2 3065.0374 7 1 7 7 2 6 3064.2130 11 1 11 11 2 10 3063.9994
3 2 1 3 1 2 3064.7743 7 1 7 8 0 8 3064.0943 11 1 11 12 0 12 3063.8503
3 2 1 4 3 2 3063.9725 7 2 5 7 1 6 3064.7970 11 2 10 10 1 9 3065.3446
4 0 4 3 1 3 3064.8222 7 2 5 7 3 4 3064.3164 11 2 10 11 3 9 3064.0738
4 0 4 4 1 3 3064.4500 7 2 5 8 3 6 3063.7670 11 2 10 12 1 11 3063.8019
4 0 4 5 1 5 3064.2470 7 3 4 6 2 5 3065.4827 12 0 12 11 1 11 3065.3226
4 1 4 3 0 3 3064.8909 7 3 4 7 2 5 3064.8698 12 0 12 12 1 11 3063.9465
4 1 4 4 2 3 3064.3267 7 3 4 7 4 3 3064.1352 12 0 12 13 1 13 3063.7897
4 1 4 5 0 5 3064.2925 7 3 4 8 4 5 3063.5621 12 1 11 11 2 10 3065.3763
4 2 2 4 1 3 3064.7658 8 0 8 7 1 7 3065.0889 12 1 11 12 2 10 3064.0906
4 2 2 4 3 1 3064.2657 8 0 8 8 1 7 3064.2144 12 1 11 13 2 12 3063.7271
4 2 2 5 3 3 3063.9096 8 0 8 9 1 9 3064.0293 12 1 12 11 0 11 3065.3226
4 3 1 3 2 2 3065.2256 8 1 8 7 0 7 3065.0972 12 1 12 12 2 11 3063.9401
4 3 1 4 2 2 3064.9241 8 1 8 8 2 7 3064.1656 12 1 12 13 0 13 3063.7897
4 3 1 5 4 2 3063.7607 8 1 8 9 0 9 3064.0332 13 0 13 12 1 12 3065.3810
5 0 5 4 1 4 3064.8940 8 2 6 8 1 7 3064.8343 13 0 13 13 1 12 3063.8849
5 0 5 5 1 4 3064.4041 8 2 6 8 3 5 3064.3302 13 0 13 14 1 14 3063.7296
5 0 5 6 1 6 3064.1955 8 2 6 9 3 7 3063.7335 13 1 12 12 2 11 3065.4386
5 1 4 4 2 3 3064.8170 9 0 9 8 1 8 3065.1466 13 1 12 13 0 13 3065.2883
5 1 4 5 0 5 3064.7827 9 0 9 9 1 8 3064.1433 13 1 12 14 2 13 3063.6706
5 1 4 5 2 3 3064.4220 9 0 9 10 1 10 3063.9680 13 1 13 12 0 12 3065.3810
5 1 4 6 2 5 3064.0499 9 1 8 8 2 7 3065.1692 13 1 13 13 2 12 3063.8809
5 1 5 4 0 4 3064.9396 9 1 8 9 2 7 3064.2996 13 1 13 14 0 14 3063.7296
5 1 5 5 2 4 3064.2950 9 1 8 10 2 9 3063.8850 13 2 11 12 3 10 3065.4484
5 1 5 6 0 6 3064.2236 9 1 9 8 0 8 3065.1533 13 2 11 13 3 10 3064.2002
5 2 3 5 1 4 3064.7658 9 1 9 9 2 8 3064.1138 13 2 11 14 3 12 3063.5742
5 2 3 5 3 2 3064.2802 9 1 9 10 0 10 3063.9724 13 2 12 12 1 11 3065.4482
5 2 3 6 3 4 3063.8542 9 2 7 9 1 8 3064.8850 13 2 12 13 3 11 3063.9725
5 3 2 4 2 3 3065.3033 9 2 7 9 3 6 3064.3341 13 2 12 14 1 13 3063.6747
5 3 2 5 2 3 3064.9089 9 2 7 10 3 8 3063.7039 14 0 14 13 1 13 3065.4385
5 3 2 6 4 3 3063.6914 10 0 10 9 1 9 3065.2060 14 0 14 14 1 13 3063.8224
5 3 3 4 2 2 3065.2799 10 0 10 10 1 9 3064.0759 14 0 14 15 1 15 3063.6694
5 3 3 5 2 4 3064.9507 10 0 10 11 1 11 3063.9096 14 1 14 13 0 13 3065.4385
5 3 3 6 4 2 3063.6880 10 1 9 9 2 8 3065.2435 14 1 14 14 2 13 3063.8209
10 1 9 10 0 10 3065.1025 14 1 14 15 0 15 3063.6694
Table 3: Naphthalene ν29 band line list. 155 assigned transitions, indicated by their upper and lower state (J,Ka,Kc) 
quantum numbers, are included in this list. Frequencies are given in cm-1.
